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Introduction:
Aromatic azo derivatives are one of the largest and the most important classes of colorants.
Their practical and theoretical importance has been reflected in textiles, food, paper printing, nonlinear optical (NLO) devices and liquid crystalline displays (LCDs) [1] . Most of the azodyes are tautomeric ones, and therefore the study of their tautomerism is of practical and fundamental significance. Moreover, some structurally modified tautomeric azonaphthols are recently considered as a promising prototype compounds for the development of new systems, exploiting controlled proton transfer for signal conversion and for use in molecular electronics [2] . This can be achieved by implementing an antenna -host (crown ethers or similar macrocyclic receptors), which transfers the signal from external stimuli to the tautomeric backbone [3, 4] . In such a way, the change in the tautomeric state results from appearance/disappearance of the external stimuli. The sensitivity of the electronic ground and excited states of the tautomeric forms to the environment stimuli (light, pH, T, solvents), and to the presence of a variety of substituents or hydrogen bonding motifs are used as tools to tune the expected action. Our previous studies on 4-(phenyldiazenyl)naphthalen-1-ol derivatives, in which a side moiety is connected to a tautomeric unit [4] , showed that, when the tautomeric proton becomes part of a stabilizing, intramolecular hydrogen-bonding system, a full shift of the tautomeric equilibrium to the enol form is achieved. In such compounds controlled shift in the position of the tautomeric equilibrium can be accomplished through protonation/deprotonation or complexation. In these systems, the tautomeric proton is transferred through a long distance, which makes it very sensitive to the solvent used.
Therefore, it is interesting to see how the antenna could behave, when the proton exchanges through intramolecular hydrogen bonds within the tautomeric unit.
Sudan I (1-(phenyldiazenyl)naphthalene-2-ol), the most intensively used azo dye [5, 6] , is a typical example for the effect of the intramolecular hydrogen bonding on the proton transfer.
Previous studies have shown that Sudan I (1) always exists as a tautomeric mixture in solution [7, 8] . Having in mind that the specific effects of the solvents are minimized by the existing intramolecular hydrogen bond, the solvent polarity plays an important role -in non-polar solvents such as i-octane and tetrachloromethane 1a (enol, azo) form predominates, while in more polar solvents (like methanol) the opposite effect is observed and form 1b (ketohydrazo) prevails (Scheme1).
The aim of this study is to investigate how structural modifications in 1 can influence its tautomerism. Structure 2 contains an additional OH-group which is expected to deprotonate a Assignment according to [9] ; b The resonances for CH 2 
Scheme 3. Numbering of the tautomeric backbone.
Compound 3 was synthesized in three steps starting with 3-hydroxy-2-naphthoic acid A as shown in Scheme 4.
Step 1: 3-Hydroxy-2-naphthoic acid-N-piperidinylamide B:
A solution of 3-hydroxy-2-naphthoic acid (6.18 g, 32 mmol) in dry dichloromethane (250 ml)
was treated with 8 drops of dry DMF followed by slow addition of oxalyl chloride (8. to obtain the pure compound 3 as an orange solid (0.22 g, 58 % Table 1) and as the changes mostly will be due to a change in the equilibrium, the variations are well documented for C-2 and the benzene ring chemical shifts [11] . The assignments of the 13 C resonances of compound 2 are based on APT and HMBC spectra and on those of compound 1 combined with OH substituent effects and so are those of the titrated spectra. The assignment of the 13 C NMR spectrum of 2 in CD 3 CN was done by extrapolations as explained above.
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The assignment of 3 is partially based on APT and HMBC spectra. However, the assignment and distinguished based on chemical shift arguments and supported by a H-7 to carbon cross peak to C-8a in the HMBC spectrum.
UV-Vis measurements
Spectral measurements were performed on a Jasco V-570 UV-Vis-NIR spectrophotometer, equipped with a thermostatic cell holder (using Huber MPC-K6 thermostat with 1 0 C precision) in spectral grade solvents at 20 o C. Protonation was made with 96% sulfuric acid.
Deprotonation was made with 25% NH 3 . The derivative spectra were calculated according to the "step-by-step filter" procedure [12] .
Quantum chemical calculations
Quantum-chemical calculations were performed by using the Gaussian 09 D.01 program suite [13] . DFT and time-dependent (TD)-DFT [14, 15] were used to explore the ground-and excited-state properties of each molecule. For all cases, the solvent effect was described by applying the polarizable continuum model (PCM) in its integral equation formalism variant (IEFPCM) [16] . For all calculations, an M06-2X-fitted hybrid meta-GGA functional [17] and the TZVP basis set [18] were used, keeping in mind that this level of theory was shown to provide very good results in predicting tautomerism of azonaphthols [19] . All tautomeric forms of the investigated compounds were optimized without restrictions and then were characterized as true minima using vibrational frequency calculations.
The NMR calculations were done using the GIAO approximation [20] and B3LYP/6-31G(d) functional and basis set.
Single crystal x-ray diffraction
Single red block-shaped crystals of 3 were recrystallized from methanol by slow evaporation.
A suitable crystal (0.20×0.15×0.08) mm 3 was selected and mounted on a MiTeGen holder in oil on a STOE IPDS 2 diffractometer. The crystal was kept at T = 250 K during data collection. Using Olex2 [21] , the structure was solved with the ShelXT [22] The single crystal data of 3 has been deposited at the Cambridge Crystallographic Data Centre and allocated the deposition number CCDC-1587825.
Results and Discussion:
In solution:
The absorption spectra of compounds 1-3, shown on Figure 1 , clearly show the presence of the tautomeric mixture in solution, irrespective of the solvent used, with absorption maxima of the enol form in the range 410 -430 nm and red shifted keto form absorbance around 500 nm. Detailed information can be found in the second derivative spectra. On Figure 2 , the maximum of the enol form can be seen at 420 nm for 1, 430 nm for 2 and 420 nm for 3.
According to the derivative spectra, the keto form absorbance consists of several sub bands as shown previously from curve decomposition [8] . As seen from about comparability of the UV-Vis and NMR data in tautomeric dyes. For 1 in CDCl 3 a 70:30 ratio 1b:1a was found [11] . As seen from Table 1 both C-1`and C-4´are shifted towards higher frequency in DMSO-d 6 which means a shift towards the enol form.
In the case of 2, the quantity of the enol form decreases from acetonitrile to chloroform and DMSO. According to the NMR a comparison with the calculated nuclear shielding (Table 2) gives that the hydrazo form is about 90% in DMSO. The absorption spectra of 3 are similar as shape of the curve and position of the absorption maxima as those in 1, proving that the sidearm chain does not influence the position of the tautomeric equilibrium.
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The presence of the tautomeric mixture in 2 and 3, can be confirmed by a simple experiment.
It is well known that the addition of water shifts the tautomeric equilibrium towards the keto form in azonaphthols [25, 26] . As shown on Figure 3 , in both compounds, the addition of water leads to a decrease of the maximum of the enol form and correspondingly increase of the band belonging to the keto tautomer. If only the keto form is presented in solution, no spectral shifts could be observed.
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The coexistence of the tautomers in the studied compounds is confirmed by the theoretical calculations as well. The moderate energy gap between the enol and the keto tautomeric forms, suggests that compound 1 always exists as a tautomeric mixture (1a and 1b, Figure 4 , left) in solution as it is actually observed [8] . The implementation of an additional nontautomeric hydroxyl group (compound 2) does not change the situation dramatically.
Actually, it acts as a simple electron acceptor substituent shifting the tautomeric equilibrium towards the keto form 2b (Figure 4 , centre). Compound 2 has two options for deprotonation:
loss of the tautomeric proton giving non-tautomeric anion 2 -or deprotonation of the additional OH group, which could affect the tautomeric equilibrium (2a -vs 2b -, Figure 4 , right). As seen from the calculations, the anion 2 -is energetically unfavourable, which means that the deprotonation occurs at the additional OH group. As a result, the tautomeric equilibrium between 2a -and 2b -is almost fully shifted to the keto tautomer 2b -with an energy gap of 1.67 kcal/mol. 
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Compound 3 possesses an option for competitive hydrogen bonding in the enol form, where the tautomeric proton interacts either with the nitrogen from the azo group (3a, Scheme 2), or with the nitrogen atom from the piperidine unit (3a'). As seen from Figure 5 left, the structure 3a is preferred. Actually, there is no competition for the tautomeric proton, between the nitrogen atom from the chromophore backbone and the nitrogen atom from the piperidine unit (energy gap of 2.5 kcal/mol between 3a' and 3b). Although the overall effect of the existence of the sidearm stabilizes the keto tautomer 3b (in comparison with 1) , a substantial amount of 3a could be expected in solution as the energy gap of 0.86 kcal/mol suggests. Obviously, the sidearm acts as a simple alkyl substituent, because when the whole sidearm is replaced by a methyl group the energy gap between tautomers 3a and 3b remains almost the same -0.7 kcal/mol.
The X-ray analysis of compound 3, as will be shown below, clearly shows that compound 3 exists as the keto form 3b in the solid state and the nitrogen atom from the piperidine unit is far from the tautomeric backbone, as predicted by the theoretical calculations ( Figure 5 ). The NMR data show at room temperature very broad H-4 and C-4 resonances and one missing C-3 resonance. It was found in [27] that the piperidine ring was flipping at ambient temperature and that the flipping could be stopped by lowering the temperature. Upon cooling the H-4 and C-4 resonances broaden even further, whereas those of H-2", H-6" and H-4" each split into two indicating that the ring flipping has slowed down, whereas the corresponding 13 C resonances do not split either indicating that the piperidine ring is positioned symmetrically with respect to the naphthalene ring or the piperidine ring is moving with respect to the piperidine ring. However, the broadening of the resonances at ambient temperature can only be explained if the piperidine ring is pointing in the direction of H-4 as shown in Scheme 2.
This means that the hydrogen bond is clearly between the substituents at C-1 and C-2 as also indicated by the very high frequency shift of the XH proton (XH means either OH or NH).
As seen from Figure 5 right, the acid addition is a suitable stimulus for switching the tautomeric equilibrium to the pure keto form, because the protonated piperidine nitrogen atom, participates in additional intramolecular hydrogen bond formation, which further stabilizes the keto form, shifting the equilibrium fully towards the keto form.
The calculated positions of the absorption maxima of the corresponding enol and keto forms of the neutral compounds collected in Table 1 logically follow the spectral changes in solution. The calculated absorption maxima of the enol and keto forms respectively in compounds 1 and 3, coincide, as observed by the experiment. In case of 2, the calculated absorption maximum of the enol form is slightly red shifted, compared to 1 and 3, and the M A N U S C R I P T
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16 position of the keto form absorbance is not affected. As seen from Table 3 , the deprotonation of 2 leads to red shift in the maxima of both enol and keto tautomers, while the protonation of 3 does not bring substantial effect, which is logical having in mind that the protonated nitrogen atom from the piperidine unit is not conjugated to the chromophore system.
As seen from Figure S1 , in which deprotonation of 1 and 2 is compared, the addition of base to the solution of 2, leads to decrease of the maximum of the keto form at 500 nm and appearance of a new band at 600 nm. This additional band, which is not observed in 1, gives indication that in 2, the additional hydroxyl group is deprotonated as theoretical calculations suggest.
Addition of one equivalent of tetrabutylammonium hydroxide to 2 led to precipitation so the NMR results shown in Scheme 5 are for addition of 0.66 equivalent of base. High frequency shifts are found for C-2, C-5, C-6, C-7 and C-1´, whereas C-3 and C-8a are shifted to low frequency. The interpretation may be complicated by the fact that two tautomers exist and the equilibrium constant may change as a function of titration. Titration of the phenol group of 3-hydroxybenzoic acid led to a high frequency shift for C-3 whereas that of C-6 was shifted to high frequency [28] . As discussed above, in case of 2 titration may occur either at O-2 or at the nitrogen depending on the tautomeric form Table 2 into account it is obvious that the OH/NH proton at C-2 or N is not titrating as this would lead to a considerable low frequency shifts of C-2 (remember that the nuclear shieldings and the chemical shifts have opposite signs). The opposite is found. The change in chemical shifts around C-6 is in agreement with the finding for 3-hydroxybenzoic acid as mentioned above. Based on these findings the OH proton at C-6 is titrated in DMSO using tetrabutylammonium hydroxide as base. The high frequency shift of C-1´can due both to titration and to a shift in the equilibrium. However, the low frequency of the C-4´ could also be due to titration, but the small magnitude indicates that it is most likely both due to titration (low frequency shift) and a shift in the equilibrium versus the azoform (high frequency shift).
As seen from Figure 6 , the addition of acid leads to gradual shift of the tautomeric equilibrium in 3 to the keto form, which can be monitored with the decreasing absorption maxima of the enol form and raise of the red shifted absorption of 3b. As a result, the pure spectrum of the keto form can be seen, which approximates very well with the pure spectrum of 1b obtained by overlapping bands decomposition [8] . The process is reversible upon base addition, which
shows that the tautomerism in 3 can be controlled.
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Scheme 5. 13 C titration shifts of 2 after addition of 0.66 equivalents of tetrabutylammonium hydroxide Table 3 . Predicted values for the neutral forms of 1 -3 and ionized forms of 2 and 3 (see 
18
In the solid state:
The X-ray analysis of compound 3, presented on Figure 7 , clearly shows that compound 3 exists as a keto form 3b in the solid state and that the nitrogen atom from the piperidine unit is far from the tautomeric backbone, as predicted by the theoretical calculations ( Figure 5 ). In the case of 2, a shift in the equilibrium can be achieved through deprotonation of the additional hydroxyl group, while in 3, the protonation of the piperidine nitrogen stimulates shift to the keto tautomer.
Compound 3 is more suitable as tautomeric switch, because the piperidine unit is not conjugated to the tautomeric backbone and the protonation process does not influence the absorption spectra directly. 
